Shell motion in the expanding universe is investigated using a simple solution, which is derived from the momentum conservation under the effect of gravity and energy-input. A similarity solution is given for the constant energy· input case. For the explosion without a continuous energy-input, partition of energy between kinetic and gravitational energies is discussed. The blast wave expansion due to an activity of galactic objects in the early universe is discussed. § 1. Introduction There were two motivations to investigate a motion of a spherical shell in the expanding universe; one was a void structure in the large scale structure of galaxies 1 )-3) and the other was an explosive galaxy formation scenario.
There were two motivations to investigate a motion of a spherical shell in the expanding universe; one was a void structure in the large scale structure of galaxies 1 )-3) and the other was an explosive galaxy formation scenario.
)
In the case of void, a low density region expands rapidly and sweeps the surrounding matter forming the shell around the void. In this case, the kinetic energy of the shell is always comparable to the gravitational energy. On the other hand, in the explosive case, the kinetic energy dominates over the gravitational energy at the initial phase. As the expansion proceeds, however, the gravitational energy increases up to a comparable level to the kinetic energy. One of the aims of this paper is to clarify how this energy partition occurs.
In the cosmological case, the surrounding medium is expanding, the medium could contain "dark matter" and the effect of gravity has to be included. 5
)-7)
These three factors are differences from the blast wave in the interstellar medium by stellar explosion. Continuous energy-input is also considered and this corresponds to the pulsar cavity model 8 ) in stellar situation. A similarity solution is obtained for this case and its implication is briefly discussed in relation to active objects in the early universe like quasars.
For simplicity, we consider only a radiative shock, in which the thermal energy in the shock front is negligible. Under this approximation, the sheli is regarded to be infinitely thin and its motion is derived from the momentum conservation law.
In the series of papers,2) we have derived the shell expansion equation using general relativistic formulation called the metric junction method. In the Newtonian limit and for the flat universe model, the general solution is expressed by the sum of two power-law solutions of time. And one of them just coincides with the similarity solution derived from the different treatment. 5 ) The shell motion in different universe models has been discussed elsewhere. 6 ) In the extensive study of astrophysical blast wave,5) the cosmological blast wave has been also discussed. But their discussion is restricted mainly to the self-similar solutions. In this paper, we discuss the general solution and the parameters in the self-similar solution can be given explicitly by the initial conditions.
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In § 2, the basic equations and the assumptions for them are discussed and the similarity solution for the steady energy-input case is given. In § § 3 and 4, we discuss the cases without energy-input. In § 3, the general solution for a dust-shell motion is discussed and we will identify three cases; "Explosion", "Void" and "Collapse" types. We discuss a dependence on the dark matter fraction. In § 4, the partition of energy between the kinetic and gravitational energies is discussed for the flat model without dark matter. In § 5, the application of these results in the early phase of the universe is discussed. § 2. Shell expansion under the forces of gravity and pressure Basic equations discussed in this paper are as follows:
where v=47rR 3 /3 is the volume of the cavity with radius R, Mb=PbV, Pb is baryon density of the surrounding uniform medium and V is the shell's velocity relative to it, Fg is the gravitational force exerted to the shell, P is the interior pressure in the cavity and the total internal energy E in the cavity is fed by the energy-input L. As seen from the right-hand side of Eq. (2 ·1), the shell motion is decelerated by the mass sweeping and by the gravitational force and is accelerated by the pressure. Effect of the gravitational force is negligible in the stellar problem but, in the expanding universe, it becomes comparable to the mass-swept term.
The dark matter is supposed to pass freely through the shock front and only the baryonic matter is swept in the shell. 5 ) In reality, all of the baryon mass will not be swept by the shell. However, the above equation will remain approximately valid as long as most of the baryon mass is swept by the shell.
In the pulsar cavity problem,8) the energy in the cavity is a relativistic one. In our problem of the early universe, the energy-input is supposed to be due to a galactic activity such as a train of supernova explosions,1) an accretion toward massive black hole and a continuous supply from a swarm of pulsars. An equation of state in the cavity can be relativistic and non-relativistic. Then, we characterize it by an adiabatic exponent rand pv=(r-1)E. In the above equation, it has been assumed implicitly that the input-energy L converts immediately into the pressure and exerts on the shell which lies in a remote place from the input source at the center. Then this assumption may not be necessarily satisfied for a large and cold cavity.
In the expanding universe, V = dR/dt -HR and HR is the Hubble velocity. . For the flat universe model, H is determined by the total average density including the dark matter density Pd as where Q d and Q b are the density parameters and Qd+Qb=1.
The dark matter distribution in the cavity is affected by the formation of the baryon-matter shell and it is not uniform. However, since the distribution is spherically symmetric, the gravitational force exerted on the shell will be the same with that in the uniform case. Thus, the gravitational force on the shell is given by the sum of the force from the interior dark matter and one from the self-gravity of the baryonic matter as follows
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For the flat universe model, the expansion equation (2 ·1) is rewritten as
Normalizing by an initial radius Ri, an initial time ti and a canonical value of luminosity Lo. the expansion equation (2·5) 
Here e 5 /G "'" 3.6 X 10 59 erg/sec is a universal flux constant. In the case of a constant energy-input, i.e., 1=1, this set of equations admits the following similarity solution, For f1.=O, the previous solution resumes. A possible application of the similarity solution will be discussed later in § 5. By integrating Eqs. (2·6) and (2·7) numerically,it is shown that the solution approaches the similarity solution rather quickly in an interval of Llx ~ 2. If the duration time of the energy input is much shorter than this, the similarity solution will not be realized. In contrast to the continuous energy-input, we can consider a situation where the energy is supplied impulsively only at the initial moment. For such a case, the motion is studied by the equations with L=E=O for given initial values of V and R, which will be discussed in § § 3 and 4. § 3. General solution of the shell motion
In this section, we treat the cases L=p=E=O. The expansion equation Eq. (2·5) can be rewritten as
Then the general solution is given as 
where the function F(X; YJ is defined so that Y;=F(l; YJ Likewise R is given as
where
The X is related to the expansion scale factor aCt) of the universe as
and
The shell mass is given as
Likewise, an increase of comoving coordinates, RCt)/a(t), is given as
For Qd=O, a temporal behavior of the velocity is shown on the (X, Y) plane as in Fig. 1 . Depending on the value of Yi , the behavior is classified into the following three types: For the Explosion type, the initial velocity Vi can be very large because of the impulsive acceleration. This is a situation which was discussed in the so-called "explosive galaxy formation" scenario and the acceleration process may be described by including the pressure term as discussed in the previous section. On the other hand, the Void type could be generated by the primordial negative density perturbation. It is interesting to note that the initial inward motion is reversed into the expansion by the cosmic expansion if the initial collapse velocity I Vii is small enough.
In the Collapse type, the shell can collapse by the initial inward velocity. However, this solution would be slightly artificial because an adjusted mass-shedding from the shell had to be intrigued.
For the Explosion and Void types, the value of Y approaches 0' in the limit X'P 1. This limiting behavior or the nature of the similarity solution has been already found. We shall call this limiting case "stationary phase" and th~ approach to this phase "transient phase". For the Explosion type, it quickly approaches the stationary phase even if Vi is large as shown in Fig. 1 . For the Void case, however, the is a and (3·n) Equation (3 ·n) shows that the shell is almost frozen to the background medium in the limit Qb~l. § 4. Partition of energy between kinetic and gravitational energies Although the ratio V/HR approaches the same value both for the Explosion and Void types, the former case can be much energetic process than the latter. This implies that V and R themselves are much larger for the explosion type in spite of the same ratio. In order to clarify this point, we will study the partition of the energy between the kinetic and gravitational energies.
We define the energy of the shell by subtracting the energy in the unperturbed configuration from that in the perturbed one, rather than the energy in the perturbed state itself.5) Furthermore, in this section, we restrict our discussion only to the case Qd=O because a change of "gravitational energy" is the biggest in this case. Consider a spherical region with radius r whose center coincides with the center of the mass evacuated region with radius R (r~R). Then both the energies are derived as follows:
where Mr=47Cr 
and G(X; Yi ) is a function given by where the exponent II is
II
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and II is very small as lI~O.0116. The ratio T/I Wi is simply given as
Let us consider the explosion with Yi~ 1. The G(X; Yi) quickly approaches the stationary value of (4·8) where we have neglected the term X-v in the last expression because of the smallness of lI. This shows that G(X; YJ increases from the initial value of unity to a large value of the order y i 
Their ratios to the initial values are
where Ti~(MV2/2)i for Yi~1 and Wi=-(1/10)(GM 2 /R)i. Thus the kinetic energy is decreased by the factor y i -3/4 and the gravitational energy is increased by the factor Yl/4.
As a typical example of the Void type, let us consider the case Yi=O. For this case,
For large X, 1 +56'+2.56'2 X-vY.~114X-vY.
.
where T i=(2/5)(M(HR)2/2)i and Wi is the same with that in the Explosion type.
Different from the Explosion cases Yi~ 1, the changes of T and Ware very small. Furthermore we cannot neglect the slowly changing term X-v because the approach to the stationary phase is slow and also because the energy partition is adjusted through this term within a few percent. If we neglect this term, the total energy E( = T + W) would become larger than the initial value. In our model, the total energy must decrease since we are considering a radiative shock. The rate of energy loss is given as L
21-5K Ts 0016 Ts
Now let us compare the case Yi~1 and the case Yi=O, where they have the same size at the initial time. In spite of a huge difference of Ti,the ratio V/HR will reach the same value 6' in the stationary phase. The difference lies in their sizes. Using the relation Wcx:R 5 , the ratio of the radii is estimated as Energy-input is expected to be associated to the formation of galaxies and subgalactic objects such as quasars in the early universe. As a model of the energyinput, we can consider two extreme cases, impulsive and continuous. The purpose of this paper is not to discuss these phenomena in details but we will give a brief discussion how to use the formulae obtained in the previous sections for the two cases.
(1) Impulsive energy-input
This case was discussed in § § 3 and 4 and we have introduced a quantity Yi , which is determined by the initial values of radius and velocity of the shell. In the impulsive scenario, however, we assume usually an explosion energy, Eexp, and a mass of the object which includes this explosion, Mexp. Our treatment will be justified in a later stage where a main part of the shell mass consists of the swept mass. So we shall estimate the initial radius as follows:
where A is a numerical factor greater than unity. The cosmic density P(ti) is given by specifying a red-shift factor of our initial epoch, Zi. In a reasonable scenario, an interval between the explosion and our initial time is much shorter than ti itself 4 ) and we may take ti as the explosion time. Furthermore, we can express Eexp in terms of the rest-mass energy as Eexp=EMexpc This luminosity lies in a probable range for quasars. Therefore we may expect quasar cavity of this size. This subject will be discussed in detail elsewhere.
As Lo, let us take the Eddington luminosity for mass of ME given by LE "" '10 46 .
1 (ME/10 8 M",) erg/sec. The energy which supplies the pressure in our model will be a part of the total LE and we shall write Lo=ELE with E<1. In the very early s~age, the "cooling" by the inverse Compton process might not be negligible. If the H. Sato internal energy in the cavity is due to a hot plasma, the Compton cooling time is the order of 10 13 (1 + Z)-4 years at the stage z. Then it will be negligible after z~ 10. 7) Let us take such a scenario that the continuous energy-input had turned off already at ZOff~5 and the cavity has been enlarged only by the cosmic expansion after that. Then the remnant cavity at present has such parameters R ~ 100.5(1~f1Me Y'5 Mpc and Ms ~ 10 
and the total released energy is the order of 10 6 !.5(EME/10 7 Me) erg.
(3) Comparison between the impulsive and continuous energy-input models
Here we raise a question; which type of the energy-input can .get a large cavity provided the same amount of total energy? We compare a size by the swept mass, which is given as 
for the continuous-input. It is found that the continuous-input is more effective to get a larger swept mass provided the same total energy with the impulsive-input.
